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Heavy quarks: motivation
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Light quarks

\

> Heavy quarks

-

Heavy quarks have masses that are much larger than the typical QCD scale Aacp

Asymptotic freedom: ozs(mQ) <1 Perturbation theory is applicable!
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Immersing J/P in quark-gluon plasma modifies

e J/\ binding potential V(r, T)
¢ J/Y wave function ®(r,T),
e J/ formation rate «|®(r,T)[?,

and turns on new production mechanisms such as
recombination etc.

If we have a good theoretical control of these processes we will be able to extract
medium properties from the J/\P production cross sections.

First, we need to understand J/WP production in pp and in pA collisions.



Factorization 7

HARD PQCD:

[ Factorization )—» [Universal pdf’s} — [Phenomenology}

* Factorization is broken if the hard amplitude involves simultaneous
Interactions with more than two partons at a time.

* Coherent scattering: /.>>R4 (coherence effects start at I.~R))

CGC/saturation = implementing the coherence.



Assuming factorization...

The effective absorption cross sections from fits of Ramona's calculations :
to PHENIX d+Au R, data are shown for each shadowing model.
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1s independent at each rapidity.

The red points are the averages at
y=-1.7and +1.7.
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This does not look like a reasonable behavior.



Coherence

: Longitudinal momentum transfer
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The longitudinal form factor is a measure of the coherence of high
energy process
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The longitudinal form factor

For the “hard sphere” nucleus
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Fr = DR sin(p.Ra) — p.Racos(p.Ra)l
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FIG. 8: (Color online). Square of the longitudinal form factor as a function of transverse momentum of
J/¢ in GeV’s. Lines from bottom to top: /s = 0.2 TeV, y = 0 (blue, solid), /s = 0.2 TeV, y = 1.7 (red,
dashed), /s = 2.76 TeV, y = 0 (green, dot-dashed), /s = 5.5 TeV, y = 0 (brown dashed).



The time scales

A pre-hadron cc pair is produced over time
7p = l./c = TeYfm

J/P wave function is formed over time
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Hierarchy of scales required for the dipole model: T F>> T p>> T INT



J/¢ production mechanisms in pp

Baier Ruckl, 1981

® Color singlet model

49 must have the same quantum numbers as the final quarkonia.
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J/{ production mechanisms in pp (cont.)

® Non-relativistic QCD model

Gives the best fit to Tevatron pr spectra,

perturbative matrix elements).
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J/Y production mechaniswms (cont.)

Higher twist effects must be properly taken into account Qiu, Sterman

Do we have a chance to understand the J/\p production in pA and AA if
we don’t fully understand it in pp?

Possibly yes, because we have an additional parameter A>>1 that
allows to re-sum parametrically large higher twists contributions.
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Production of J/y: pp vs pA

Kharzeev, KT (2005)
Kharzeev, Levin, KT (2008)

Wy (r)

r)—>
C I > =~
A) B) 201\ 202
hadron — hadron  collisions hadron — nucleus collisions
3 11/3 2 21/3 4 712/3 2 A1/3\2
a3 A3 = a (a2 AY?) ~ atA?B = (a2AY3)? ~ 1
L J
v This diagram breaks
a?AY3 ~ 1 o

factorization.
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Quasi-classical approximation

Dominguez, Kharzeeyv, Levin,
Mueller, KT (2011)

Kharzeev, Levin, KT (2012)

1 1
w1:b+§'r, xro=b——-r,

1 1
m’lzb’—|—§r’, xo,=b — ~r',

FIG. 1: One of the interactions before the last inelastic scattering. The diagrams that are complex conjugate

to the first row of diagrams are not shown. The vertical dashed line denotes the last inelastic interaction

when the cc pair is converted into the color-singlet state. The vertical solid line is the cut corresponding to

the final state.

- QB [(er — )+ (o - @3] =~ QAB) (A%

(r-r?)

modulo log’s (dropping logs: GBW model/geometric scaling)
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FIG. 2: One of the interactions after the last inelastic interactions. Complex conjugate diagrams are not

shown.
—%Q?(B) [(331 — 2132)2 + (x] — :B'Q)Q] = —— (B)(?"2 + 7“’2)

modulo log’s
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FIG. 3: The last inelastic interaction.
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1 .
Amplitude for J/w production  A(py) = p—2]-"(pL) with the form-factor:
1

d3k 1 A2y | |
Flpr) :/ sVa(k) Yy (k—p) = QWCVS/O dz/ 4—<I>(r Z) (6_2%"“'1’ — ez%"“-p)

(27) T

g—J/y transition amplitude squared

(I)(’l“, Z) {m2KO mcr)¢T(r Z) [Z2 + (1 T Z)ﬂ mcKl (mcr)ar¢T(ra Z)}
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J/y wave function

7
¢r(r,z) = Npz(1 — z) exp [— 2;2 ]
T

Nr, Rt are fixed from DIS
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Total inclusive eross section

Sum over multiple scatterings, integrate over pr and over the longitudinal
coordinate of the last inelastic interaction &

do N d2 /
gAdQZ;f/wX / dz/—(I)r z / dz/ 4:; d*(r’, )

) "“"“Qg L 9 ne & 1 5, 9 ) §
< gy e @ - g - 5@+ (1 ) |
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From pA fo AA

Now c-dipole can scatter in both nuclel = need to account for the nuclear

matter distribution in another nucleus

2

ng r1G(21,0%) = /d2

2
Kovchegov (2001)

dOA As—J/p X d2 / *
dy1d22bd2/B / dz / / dz’ / (r,2) @*(r", 2") 2Ta, 4y g x (7, 7")

2
Cr 5 ?le (4T . T/)2 (6_1_1(5(62§1+Q§2)(7“—"“/)2 — 6_%(62?14'@?2)(7“2"‘7"12))
20052 Q% + Q% (r + 7

TA1A2—>JX (r r )

CF 1 1
. / ! . 2 2 2 12 !
- / Cp rr” 2 4 4 A2
Averaging over angles: (T, a,—sx(r, 7)) = PP RET (Q5:1Q%5 + Qlejg)
s L

3 scatterings
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Low x evolution

The low x evolution gives energy/rapidity dependence

Glauber-Mueller formula for quark dipole scattering is the initial condition
NF(ra ba yO) =1— e_%TQQg(yQ)
Amplitude for gluon (adjoint) dipole:

NA(T', ba y) — ZNF(T7 ba y) o N%(’T‘, ba y)

=  Na(r,b,yp) =1— e~ 1T @3 (o)
Replacing Nr(yo) by NF(y) accounts for the low-x evolution of the cross section.

Nr(y) satisfies the BK equation.
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Nuwerical calculations

do
2 A1A2—>J/¢X
fS da=b dy d?b

do,._.
Al A2 ppdyJ/wX

Raa, =

The production mechanism in pp is not known, so consider the simplest one-
parameter model:

Aopp—g/px o doaa—g/px

dy dy A1

NFr is parameterized with DHJ or bCGC models.
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FIG. 3: Nuclear modification factor vs Npu¢ in (a) dAu and (b) AA collisions using the DHJ model [13].
Band ‘a’ (green) represents rapidity y = —1.7 at /s = 200 GeV, ‘b’ (blue): y = 0, /s = 200 GeV, ‘¢’
(red): y = 1.7, /s = 200 GeV, ‘d’ (brown): y = 3.25, /s = 2.76 TeV, ‘¢’ (cyan): y = 0, /s = 5.5 TeV.
m = 1.5 GeV, C = 1. Experimental data [16-19] is represented by (blue) circles in ‘b’, by (red) squares in

‘¢’ and by (brown) triangles in ‘d’. (Color online).

Reasonable agreement with dA and AA at LHC, undershooting of AA at RHIC
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bCGC wmodel
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FIG. 3: Nuclear modification factor vs Npa in (a) dAu and (b) AA collisions using the DHJ model [13].
Band ‘a’ (green) represents rapidity y = —1.7 at /s = 200 GeV, ‘b’ (blue): y = 0, /s = 200 GeV, ‘¢’
(red): y = 1.7, /s = 200 GeV, ‘d’ (brown): y = 3.25, \/s = 2.76 TeV, ‘€’ (cyan): y = 0, /s = 5.5 TeV.
m = 1.5 GeV, C'= 1. Experimental data [16-19] is represented by (blue) circles in ‘b’, by (red) squares in

‘¢’ and by (brown) triangles in ‘d’. (Color online).

Reasonable agreement with dA and AA at LHC, undershooting of AA at RHIC
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Conelusions |

*The cold nuclear matter effects alone cannot provide neither
guantitative nor even a qualitative description of the AA data. Additional
mechanisms beyond the initial state effects are required to explain the
experimental data.

e NMF is well described with C=1 =

evidence that J/y production mechanism in pp collisions is similar to that in
PA Implying that it is perhaps dominated by the higher twist effects.

23



pT - spectrum

To obtain the pr1 spectrum we have to keep the logarithms that were neglected in
the GBW model, e.g. instead of 7 -7 we have

A _ine
2
9 1 2 1
= —(—(r—r’)—A) In — /
4 2 plz(r—r') — A
1 , : 1
— |l =(r—r)+ A ] In
(2( ) ) Al )t A

1 , : 1
+ | =(r+r —|—A) In
(2( ) ,u|%(r+r’) + A

+<;w+r3A>anMyr+;)A].

J(’l",’l“,, A) _ (ei%(r—r’)-ﬁ 4+ e—i%(r—r’)-ﬁ . e—z’%(r—l—r’)-ﬁ . ei%(r—kr’)l)

We assume that the short distance effects

can be approximately factored out: J(r,r',A) = 7. rj{f(A)

L J
V \4

projects onto 1 state from pp
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We are interested to calculate the nuclear modification of pr spectrum in
PA collisions. So we use the pp spectrum as input.

P(a) = ! / Aoppgppx(PL) _ip.a o -
O pp— J /1 X d?p

—6
Fit of experimental data: dopp— 1/ x pi
5 =N (1 —+
Opp d D1

(poA)®
384

Its Fourier image: F(A) = K5(poA)

Going through the same steps as for the total cross section we got the final
expression for the spectrum:

dJA1A2—>J/¢X - dO-AlAQ—”]/wX 1 / d’A ez'A'pF(A) 1 (1 — e_%(Q§1+Q§2)A2)

d?p) dyd?B1d?By ~ dyd?Bi1d?By Q2% + Q2%, ] (27)? A2
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FIG. 4: (Color online). Nuclear modification factor for J/¢’s vs p, in GeV at /s = 200 GeV, y = 0 in
AuAu for centralities (a) 0-20%, (b) 20-40%, (c) 40-60%, (d) 60-92% and in (e) minbias dAu. Data is from

32, 33].
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FIG. 5: (Color online). Nuclear modification factor for J/i’s vs p, in GeV at /s = 200 GeV, y = 1.7 in
AuAu for centralities (a) 0-20%, (b) 20-40%, (c) 40-60%, (d) 60-92% and in (e) minbias dAu. Data is from
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Predictions for LHC
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FIG. 6: (Color online). Nuclear modification factor for J/i’s vs py in GeV at /s = 7 TeV in PbPb for
rapidities (a) y = 0 and (b) y = 3.25. Each line corresponds to a different centrality bin; from bottom to

top: 0-10% (solid red), 10-20% (dashed green), 20-30% (dash-dotted blue), 30-50% (solid purple), 50-80%

(dashed magenta) and in minbias pPb (solid brown).
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Conelusions Il

e J/P suppression that originates from the initial state (cold nuclear
matter) effects increases at the LHC energies compared to RHIC.
Meanwhile, the experimental data on AA collisions indicate that J/Q’s are
suppressed less at LHC than at RHIC.

* The hot (or any other) non-CGC effect increases with pr :

v Possible explanation: dissociation of J/y in magnetic field.

KT (2010)
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Open charm

»

|
%Bbé<l .
| k1, 11
o i %%b%<i:i
| ko, 2 |
| |

(1) (2)

Kovchegov, KT (2006)

-

—()~

(3)

Usual approximation is to neglect the contribution of valence quark, which is

true if g < 2m

KT (2005,2007)

Aol 99X 1 2,2
O fact / d2’l“d2 / —z£ (r—r')
Pl Rqdydzd® — (@r1C 2

x <« Ki(rm)K;( rm

rr/

/[(1 — z)2 + z2] + Ko(rm)Ko(r’m)}

{
x{%~1—zr—r”5ﬂdr—ﬂﬁ+1
— Sr

(1= 2)r)Sp(zr) — Sp((1 - z)r’)SF(z'r’)} .

Sp=1—-N

31



Kopeliovich, Tarasov (2002)

Proton factorization limit KT (2005)
O~ O~
Q? SC
ZIZpG(ZEp, QQ) — / Sp(xpa 92) dq2 90(331” C]2) — O;_ q2F

Unintegrated gluon distribution factors out «s=
collinear factorization on the proton side.

In the chiral limit — ¢#~#(r.+",2) = % 6(u)(u) T 7y Pag(2)
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It is iImportant to know the cold-nuclear matter effects on open charm!
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Suppression of heavy quarks in forward direction

1.6
— m W: <y>=1.65, p‘ > 2 GeVic
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Similar effect for heavy-ion collisions. The overall suppression is a
combination of cold and hot nuclear matter effects.
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do
d>qd*tdyd*b

c-quark: proton factorization
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c-quark: nucleus factorization
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Rp A

Where is fransition to hard pQCD?
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Sumwary

e Cold nuclear matter (CNM) effects on J/y are now under a good theoretical
control, especially at LHC energies.

 CNM effects increase with energy and rapidity and decrease with pr.

* The difference between the NMF due to CNM and the one experimentally
observed may be due to QGP or magnetic field. Its energy and pr
dependence is puzzling.
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